Osteoporosis is a common metabolic bone disease, causing increased skeletal fragility characterized by a low bone mass and trabecular microarchitectural deterioration. Assessment of the bone mineral density (BMD) is the primary determinant of skeletal fragility. Computed tomography (CT)-based trabecular microarchitectural and mechanical assessments are important methods to evaluate the skeletal strength. In this review, we focus the feasibility of QCT BMD measurement using a calibration phantom or phantomless. The application of QCT could extend the bone mineral density assessment to all patients who underwent a heart, lung, whole-body, and as well as all routine clinical implications of CT scan.
Introduction
Fragility fracture is a common public health problem with a high mortality, morbidity and cost. Osteoporosis significantly related to bone fragility and consequent fracture. Therefore, the diagnosis and monitoring of osteoporosis with BMD measurement are strongly associated with bone health. BMD explains about 70-75% of the variance in strength [1, 2] . The World Health Organization (WHO) proposed guidelines for the diagnosis of osteoporosis based on BMD measurement by using dual X-ray absorptiometry (DXA) in 1994 [3] . Since then, DXA has been widely used for the epidemiological studies, clinical research and treatment strategies of osteoporosis [4, 5] . Lumbar QCT had been employed in the 1980s [6] , is also recommended as an acceptable method in the diagnosing osteoporosis by the WHO. A certain number of new technologies have been developed for assessing bone mineral density until now, including peripheral QCT (pQCT) [7] , μCT (microCT) [8] , magnetic resonance imaging (MRI) [9, 10] and quantitative ultrasound (QUS) [11] . Compared to DXA, QCT offers superior sensitivity in diagnosing osteoporosis, monitoring the bone density changes, and evaluating the bone trabecular microarchitectural and mechanical property simultaneously, but still considered a supplemental method due to its high radiation [12] . Two-dimensional QCT BMD measurement of the spine tended to show a lower precision, which lead to limited employment [13] . In the U.S., there are over 12,000 multidetector CT (MDCT) scanners [14] . CT scanning is widely used in diagnosis and prognosis for lung cancer, cardiac disease, as well as abdominal and pelvic disease. With the high resolution MDCT images, clinicians can obtain important information of BMD, trabecular microarchitectural and mechanical property, as an additional utility to clinical applications. The aims of the review are to evaluate: 1. Method and feasibility of QCT in BMD assessment with the use of phantom or phantomless calibration, 2. The ability of QCT to diagnose the osteoporosis and to monitor the aging-, disease-and medicine-related BMD changes, 3. Feasibility in the trabecular microarchitectural and mechanical assessment using current MDCT images.
Method of QCT bone mineral density measurement

QCT technique in the lumbar spine
Hounsfield unit (CTHU)-based QCT technique has been utilized over the last three decades [3, 6] . Lumbar QCT was the only method initially [6] . With this technique, the CT image was obtained using routine scan parameters in the lumbar spine with a calibration phantom under the patient's back. Lower radiation dose protocol was used in most studies, such as 80kVp/140 mAs or 140 kVp/80 mAs with 5 mm image thickness or greater [6, 15] . The calibration phantom technique has two functions, translating the CTHU to the bone units (mg/mm 3 ) and calibrating CTHU within location, patients and scanners made by many manufacturers. The calibration standard was originally designed by Cann et al [6] (Mindway, South San Francisco, CA, USA). Subsequently, two standard phantoms were also used commonly, developed by the Image analysis, (Columbia, KY, USA) [16] and Siemens Medical System [17] (Erlangen, Germany). Those phantoms consist of a waterequivalent solid resin matrix and rods filled by a calcium material with varying concentration. The calcium material usually includes a dipotassium hydrogen phosphate or calcium hydroxyapatite (CaHA). The concentrations of the calcium material in rods are equivalent to 200, 100, 50, 0 mg/mm 3 and larger than 200 mg/mm 3 or close the density of fatty tissue [6, 16] . The lumbar trabecular bone and the phantom rods at the center area (L1-L4, or L1-L3) can be segmented semiautomatically by a computer system. The trabecular BMD, as well as the T and Z score can be calculated automatically by using the conversion equations and their standard references developed by the manufacturers. Those references included mean values and standard deviation in the younger group and every age group (most from 20 to 85 years) of men and women. To date, manufacturers have not developed a uniform standard reference for calculating the T score with CT. Theoretically, T-scores derived by QCT should not be used to assign a diagnostic category, as it may differ from that of DXA [18] . Nonetheless, the standard of osteoporosis based on T score by DXA was used in most QCT studies [19] [20] [21] [22] Osteoporosis and coronary atherosclerosis have been recognized as co-existing conditions with aging, and both may share common etiologies and pathogenesis [24, 25] . They are independent risk factors for bone fracture and cardiovascular disease, consequently, resulting in significant medical and financial cost each year. In the United States alone, osteoporosis affects more than 25 million men and women, 1 in 2 women and 1 in 5 men aged 50 and above during their lifetimes [26] ; meanwhile coronary artery calcium burden (CAC), as a specific marker of atherosclerosis was noted in 50-70% in men and 35-45% in women older than 45 years in multi-ethnic populations [27] . The diagnosis of osteoporosis and coronary atherosclerosis is important in the prevention, prediction and management of bone fracture and coronary artery disease. In women, menopause is associated with increased bone loss and deleterious changes in the physiological bone structure. BMD examination was recommended as a screening to determine skeletal status in men aged 65 years or older [28] . Women who have experienced menopause and men who have the risk of fracture before the age of 65 must also be considered for BMD screening [28, 29] . In general, there is a growing consensus that subjects aged ≥50 years should be evaluated for osteoporosis [30] .
Compared to the CAC CT scan, QCT has not been used extensively as a common technique for bone mineral measurement due to its high radiation (3.5 mSv) [31] and cost. If the thoracic trabecular BMD can be measured from the same cardiac CT image with only one mSv radiation, it should potentially cover most populations recommended for BMD screening. Furthermore, the deformity at mid-lower thoracic spine can be evaluated simultaneously, which is a common anatomic site of fracture (most fractures present in T7, T12 and L1) [32] . The validated studies have demonstrated that the EKG-gated heart CT scans with a calibration phantom can be used to assess the thoracic vertebrae BMD using the lumbar QCT technique [21, 33, 34] . The reference value for the standardization of the T and Z score in the thoracic vertebrae BMD had been developed [21] .
In current CAC scanning protocols, three thoracic spines can be evaluated in all studies at least. Since the variation exists within individual spinal BMD [35] , fixing the levels is an important issue for decreasing the precision error of BMD assessment. The continuous three thoracic spines (3 T) beginning from the level of the left coronary artery are commonly used to assess the trabecular BMD on CAC scanning [21, 36] . A similar segmenting and calculating method with the lumbar spine is used in the thoracic QCT (shown in Fig. 1) .
A significant association (0.85-0.99) between the thoracic and lumbar trabecular mineral density exists, which is confirmed by previous studies [21, 33, 34] . Based on this result, the thoracic BMD can translate to the lumbar equivalent values, and get the T score using the lumbar reference value. The formulas for translating the BMD value measured by thoracic QCT to the equivalent value with Lumbar QCT is: Lumbar BMD=0.8401×thoracic BMD+0.62 in female, and = 0.8139×thoracic BMD+11.8 (mg/CM 3 ) in male, derived from the study data [21, 23] .
Phantomless assessment of the thoracic vertebral BMD using a routine heart scan
The clinical role of coronary calcium assessment by CT scan has undergone significant endorsement over the past 30 years [37] . The CT image from gated heart scans provide an opportunity to assess the CAC, and also thoracic BMD. As such, most of these studies were done without phantoms present. A phantomless thoracic BMD measurement would be a great advance in clinical practice. To date, three methods were used for the phantomless BMD measurement at spine: 1) Using an individual body tissue as a calibration reference, such as the paraspinal fat and psoas [38, 39] ; 2) Using a modified calibration factor (calibration curve) [40, 41] ; 3) Using the CTHU directly [42] . Although the standardization of CTHU was done by individual manufacturers, and the calibration procedure was performed before the row data reconstruction, a significant variation between scanners still exists [36, 43] . The stabilization of CTHU can be influenced by numerous factors, including the scanner's model, scan algorithm parameters [44] , patient's body size [35] and many other factors, which needs to be corrected before any quantitative assessment. Moreover, the attenuation factor of patient's soft tissue (psoas and fat) is significantly different from bone, therefore, the accuracy may be affected by using the body anatomical markers. The calibration factor (ratio in true density phantom rod and CTHU, mg/cm 3 /CTHU) may benefit BMD assessment, and the calibrating factors were established for most current scanners [36] . With this method, the CTHU was measured at three continuous thoracic spines described above. The center of sagittal or coronal spine image with a 6 to 10 mm in slice thickness is optimal to measure the CTHU using a CT workstation. The uniformed CTHU can be obtained from any CT workstation. The individual BMD can be obtained, CTHU×calibration factor (mg/cm 3 ) [36] . As the CAC scan protocol is standard for most medical centers, and the CTHU is relatively stable in a given scanner. By using the calibration factor to calculate BMD, the accuracy error has been decreased significantly. The variation of re-scan or re-measurement is b5%, b3% and b2% (CV) in phantom rods with a 50, 100 and 200 mg/cm 3 of CaHA respectively displayed by the prior study [36] .
2.4. Thoracolumbar spine and hip BMD measurement from whole-body scan 2.4.1. Spine BMD measurement with QCT from a routine chest and abdomen CT images Osteoporosis is a bone mineral metabolic disorder. Many diseases and conditions can influence the metabolic balance of the bone mineral materials (less absorption or faster turnover), such as renal disease [45, 46] , rheumatoid arthritis [47, 48] , heart failure and myocardial infarction [49] [50] [51] [52] , diabetes [53, 54] , chronic obstructive pulmonary disease [55] [56] [57] , menopausal status [54, 58] , aging [59, 60] , nutrition disorder [61, 62] , and others [63, 64] . The routine whole-body CT scan is an important medical imaging used for diagnosis and prognosis of these diseases and disorders. An analysis by the Organization for Economic and Cooperation and Development (OECD) found that there were about 80,000,000 CT examinations done in 2011, 60% of them underwent body CT scans in USA [65] . With those images one can obtain important information related diseases for diagnosis and prognosis, but typically ignores BMD and osteoporosis risk. Therefore, physicians can assess BMD and evaluate the fracture risk, as an additional evaluation for using these images with or without a calibration phantom using the QCT technique described above. The optimal results were obtained in most studies [33, 34, 36] , including the chest [55, 57, 66] , heart [21, 23, 36] and abdomen or pelvis CT scan [42, 67, 68] . A long calibration phantom (at least about 85 cm or longer, developed by Image Analysis, Columbia, KY, USA) is beneficial for the QCT BMD assessment with the whole-body scan [35] .
2.4.2.1. Hip volumetric QCT with pelvis CT scan. In addition to the spine, the hip also is an important site of fracture, therefore, it is a major site for DXA BMD measurement [69, 70] . The density of the femoral neck was used as an important parameter for the WHO FRAX 10-year fracture risk calculation [71] . Unlike thoracolumbar QCT, the hip volumetric QCT was rarely used to measure the bone density and calculate the T score. Comparing with the spine, the hip is more irregular in shape and smaller in size, which induces a problem to properly segment the trabecular bone. The hip QCT has been proposed and developed by using a CTHU threshold based-software to delineate the trabecular bone from the cortical bone [72, 73] . The accuracy may be affected by the partial volume effect when using the threshold based-segmenting method. Manual segmentation and measurement of hip trabecular BMD was used at our center.
Hip area BMD measurement by CT two-dimensional projection images.
The QCT X-Ray Absorptiometry (CTXA) analysis at the hip using pelvis CT images with a calibration phantom and software system was developed by Cann et al (Mindways Software, Inc, Austin, TX) [13, 20] . This technique uses a two-dimensional projection (anterior-posterior) of CT three-dimensional formation with software to calculate the area bone density (mg/cm 2 ) in hip and femoral neck integral bone, just like the DXA method. When using the CTXA method, T scores should be calculated by conversion equations using the Hologic DXA-acquired NHANES III young normal data [20, 74] . The hip CTXA are difficult to use routinely for the assessment of fracture risk due to it's high radiation dose and limitation of two-dimensional assessment. It can be used in cases with a restricted DXA availability or as an additional measure in cases already obtaining a pelvic CT study [13, 20, 75] .
Extremity QCT measurement
The QCT technique has also been used for the peripheral BMD measurement using the spiral CT scan of upper [76, 77] or lower extremity bone [8, 76, 78] . Whole-body spiral CT scan allow densitometric evaluations of the distal radius, tibia and other sites with good accuracy (R values 0.55-0.8 between QCT and DXA) [8, 77, 78] . A lower annual bone loss rate was found when compared to the central bone [76] . This method also provides a tool to further investigate cortical and trabecular bone microstructures. Nevertheless, it cannot become a routine screening method in QCT BMD assessment due to the high radiation and reduced accuracy for these applications [7] . It may be used as an additional investigation in patients requiring extremity CT scan for clinical purposes.
Analysis and results of QCT BMD assessment
Accuracy of the QCT
Compared to the cortical bone, trabecular bone density was significantly inhomogeneous within the individual or inter-spine locations. There was a stronger variation in CTHU within scanners, individuals and target objects, which results from the effect of beam hardening and partial volume artifacts [6, 36] . With the calibration phantom technique, this effect can be partially reduced. A significant association (R N 0.8) between the true mass of the vertebral ash and the value measured by QCT was demonstrated [79, 80] . However, the accurate determination of the trabecular mineral content is difficult with current QCT calibrating technique. Studies have shown a significant underestimation of QCT assessment (N20%) compared to the true values of vertebral ash [81] . The phantom rods consist of a solid resin matrix (water equivalent density, the attenuation is higher than the background of trabecular bone (red or yellow marrow), while a similar calcium material exists between the rod and spine. By using the higher reference values, measurements can be underestimated for the targets with the QCT. The accuracy may be improved with dual-energy CT scan [80] . We measured the CaHA concentration of phantom rods using the QCT technique. The biases from the true density of phantom rods and measured by the QCT were 4.0, 3.4 and 1.2% in the CaHA concentration in rods with CaCH of 50, 100 and 200 mg/cm 3 respectively, and no significant difference in accuracy within scanners made by various manufacturers in our recent study. Bligh's study showed a high accurate determination of torso phantom with a CV value range from 0.4% to 1.2% [82] . These results implied that the accuracy error may be less than 4% in most patients with QCT spine study, if we change the phantom material used to simulate the content of trabecular vertebrae (blood, yellow and red marrow and calcium).
Precision of the QCT in central, peripheral and CTDX assessment
The effective validation studies for the precision of QCT were completed within the scanners [81, 82] , calibration phantoms [16, 82] , studies [21, 36] , inter-or intro-readers [21, 36] , in short-or long-term [78, 82, 83] and scan parameters [82] . Overall, high-precision results were found in most studies. The average coefficient variation of a precision error (CV% by RMS or SD/mean methods) was b3% from 1.8 to 4.0% in most studies [8, 21, 38, 77, 78, 82, 83] . The precision error among scan parameters can be limited to 2% of CV. These parameters include the scan voltage, tube temperature during imaging, scan table height, pitch (table increment speed), and reconstruction algorithms [82] . In the study cohort with a low BMD, the precision error is higher than the patients with a higher density. The peripheral sites (radius, tibia or other sites) have a higher precision error (2-5% of CV) when comparing with the central structures [8, 77, 78] . In general, with the calibration phantom employment, the precision error of QCT can be limited effectively. The QCT volumetric density assessment in the hip has also shown a very low (b2%) precision error [84, 85] . All studies indicated that there was a significant association between the hip CTXA and DXA (rN0.95) with a high precision (CV b 2%) [13, 20] .
The long term precision error of the CaHA content in phantom rod was studied at our laboratory by using 62 re-scan patients in a threeand half year follow up interval. The precision error was 2.04% (95% CI:1.49 to 4.15%, RMS) in rods with 100 and 200 mg/cm 3 of CaHA.
We conclude that the QCT technique has a high precision in central or peripheral bone density assessment.
Agreement between the QCT and DXA in diagnosing osteoporosis
The association and agreement between the QCT lumbar and the DXA lumbar or hip assessment had been reported previously [22, [86] [87] [88] . Most studies demonstrated a moderate or good association (rb0.75) and a fair to moderate agreement (Kappa value b 0.6) in detecting bone status between the hip or lumbar DXA and lumbar QCT [22, 86, 87] . Studies indicated that the QCT had a higher ability to detect osteoporosis than DXA [22, 86, 87] . These comparison results imply that both the QCT and DXA cannot be interchangeably used. The reference values of DXA and QCT never were normalized sufficiently.
Detecting the annual decrease rate between QCT and DXA
Sensitive detection of the bone loss is very important to monitor the bone density change. The central region (vertebrae and femur) is the optimal location to monitor the BMD changes, and also is the area more frequently involved in the fracture [89, 90] . The bone annual loss rate is variable with the study populations and methods used. A large number of the comparison studies were completed between the DXA and QCT in the annual change rate of bone density [22, 87, 88, 91] . Those rates can be assessed by using longitudinal or cross sectional studies. Review of the reference data base by Budoff et all [21] and NHANES III [74, 92] showed the bone density change from 30 to N80 years were -59%, -14% and -33% in women, -48%, + 4% and -25% in men in the QCT thoracic, DXA lumbar and femoral neck measurement respectively (shown on Fig. 2) . A faster decline in BMD with aging was found in the QCT thoracic than the DXA lumbar and femoral neck measurement. The conclusion is clear that the QCT is a more sensitive method for detecting the bone density change in comparing with the DXA [22, 88, 91, 93, 94] .
Associations within lumbar, thoracic and other sites's QCT in BMD measurement and agreement in diagnosis of osteoporosis by the T score
The central skeleton, such as spine and proximal femur, was commonly used to assess the BMD by DXA. However, only the lumbar QCT was commonly used in clinical practice. The associations between the lumbar and thoracic spine, as well as hip and/or peripheral bones were studied previously [23, 35] . There were a significant associations between L1-3 (lumbar spine 1-3) and any individual vertebrae from the first thoracic to the fifth lumbar spine (R value, from 0.62 to 0.98, Pb .001). Significant differences exist within most adjacent vertebrae (Pb.05). The T1 has the largest, and L3 has the smallest BMD value (Pb.05) when comparing with 17 thoracic and lumbar spines. From the T1 to L3, the BMD progressively decreased (shown on Fig. 3 ) and increased from L4 and L5. A significant association between the mean value of 3 T (three continuous thoracic spines from the slice level in containing left main coronary artery) and L1-3 with a 0.89 of R values was found in both genders. Both 3 T and L1-3 were used in the QCT assessment with a routine heart or lumbar scan [35] . In our knowledge, no association in the BMD value or agreement in the T score between the lumbar and hip or peripheral measurement using QCT was documented to date. We analyzed the trabecular BMD in 62 cases with the thoracic, lumbar, ilium and hip in patients with a chest, abdomen and pelvis CT scan. The trabecular BMD in 3 T and L1-3 was measured with QCT technique. The phantom rods and trabeculae of the ilium and the hip were segmented manually, and the BMD was calculated by using a calibrating factor derived from the phantom rods. All BMD of the 3 T, iliums and hips were translated to the lumbar-equivalent value, then the T scores were derived using the lumbar reference by the Image analysis (Columbia, KY, USA). The results were listed in the Table 1 .
The result indicates that the substantial association and agreement exist within thoracic, lumbar and ilium bone, but only a moderate association and agreement exist between the hip with spine and ilium.
From above results, we conclude that a significant association, but difference exists between the lumbar and thoracic spines. A similar result (T score) can be obtained with the ilium, thoracic and lumbar spine in predicting osteoporosis, when using the same standard reference (translating the thoracic to the lumbar or reverse). The lumbar (or thoracic) and hip QCT cannot be interchangeably even using the lumbar-equivalent BMD values.
Comparison of annual change rate of bone density between the QCT lumbar and thoracic or peripheral measurements
In a QCT study by Li et al [23] , the annual loss rate is 1.0% and 1.1%/year (P=.16) in male, 1.4 and 1.5%/year (Pb.001) in female for thoracic and lumbar trabeculae respectively with good association (r=0.87, Pb .001). The result implies a similar bone change rate in both thoracic and lumbar spines.
The agreement (increase or decrease) between the thoracic and lumbar spine on the BMD change in a three-year follow-up period in 500 cases (female 238) with both thoracic and lumbar re-scan was reported. The result indicated that there was a moderate (kappa value of 0.59) and a substantial (0.69) agreement of BMD change between the thoracic and lumbar spine in women and men respectively. The combination of both thoracic and lumbar QCT may improve the accuracy in detecting the BMD change, which needs to be validated by a continuous study.
Riggs et al investigated the annual loss rate of bone density in a large population sample. The result indicated that the annual loss rate of the lumbar spine is 2-6 folds to that of the peripheral sites at distal radius and tibia with a trabecular QCT measurement [76] . Studies indicated that the trabecular QCT of spinal bone displayed a strong capability for assessment of the bone loss rate and for discrimination of osteoporotic vertebral fractures. In comparison to the central bone, the peripheral bone had the weakest capability for these applications [7, 76, 95] .
In summation, a significant variation in the loss rate of bone mineral density exists within the different sites of skeletons. The lumbar spine is a more sensitive structure to monitor the BMD change.
Comparing the bone loss rate between the trabecular and cortical bone
In the central sites (spine and hip), the trabecular bone consists of a major part (N70% in vertebrae) [95, 96] , and is a fast metabolic component [97] . There was a strong variation in the bone annual loss rate in the study cohort with different age and clinical implications. Overall, the trabecular bone has a 3-10 fold bone loss rate compared to the cortical bone [76, 95, [97] [98] [99] .
The feasibility in predicting osteoporosis fracture using the QCT
The main aim of QCT study is to predict the fracture risk in patients with osteoporosis, and monitor the BMD and structure changes related to aging, disease and medication. Studies for predicting fracture were reported [77, 94, 100, 101] . The FRAX 10-year fracture risk calculation tool was established by Kanis et al. using the hip DXA [71] . This model provided a possibility in the assessment of fracture risk for both men and women by the integration of clinical risk factors alone and/or in combination with BMD measured by DXA. The comparative study of QCT and DXA was also completed. The results indicated that the QCT is a more sensitive method to predict the fracture risk [77, 94, 100, 101 ]. An advanced investigation, just like DXA, was necessary to develop a model for assessing the fracture possibility in the spine or hip by using relative factors, which include the BMD, microarchitectural and mechanical data from QCT assessment, and important clinical applications.
Follow-up time using the QCT
Monitoring osteoporosis and atherosclerosis is very important to prevent bone fracture and coronary artery disease. Currently, coronary calcium scan as well as coronary angiography scan has become an important methodology for screening or monitoring patients with suspected CAD or coronary revascularization [37] . The optimal followup interval using CAC scan, QCT and DXA for patients with osteoporosis and atherosclerosis has been still ambiguous [102, 103] . A study by Lenora et al. [104] displayed the follow-up intervals (least significant change/median rate of a BMD change) in both women and men as 8 years and 13 years, respectively, by using a DXA scanner, 3 and 32 years by using a lunar Prodigy scanner for total hip and lumbar spine respectively. A Quantitative ultrasonography study indicated that no significant difference of BMD was found in an eight-year interval in a cohort consisting of healthy, older, postmenopausal women [105] . The revised and expanded recommendations in 2010 by the U.S. Preventive Services Task Force (USPSTF) underscore the need for more screening of the bone density [106] . The time interval of monitoring bone mineral density relies on both the precision error of the method used and the rate of bone loss for the population studied. To address this key issue, it is important to keep in mind that the bone density and the rate of bone loss are varied according to age of population, gender, diseases, medication and test sites. Of note, the spine trabecular bone is a more sensitive site compared to the peripheral and cortical bone [7, 107] . In the general population, the loss rate of a spine trabecular bone is approximately 1% per year in young or mid aging persons, 2% in elderly, and rapid in early menopausal women or patients with an abnormal mineral metabolism [23, 35, 76, 108] .
Based on Gluerr et al the "monitoring time interval" (MTI) formula was considered as [109] : The follow-up time needed to exceed the least significant change (LSC=2.77×maximal CT long-term precision error, in 95% CI) I.E., LSC÷median change per annum [109] . As a result, the LSC is 11.3 [2.77× 4.09 (in maximal CT long-term precision error, in 95% CI, described above)] by using the formula. According to two study data [21, 23] , the aging annual change rate of a thoracic or lumbar spine is about 1-2% in average, and the monitoring time interval is about 6-12 years by using a spine QCT. We tested the MTI formula using a total of 500 subjects (mean age 65 years, 238 women) with a re-scan interval of 3 years. The rate of BMD change is larger than 11.3% in 18% and 8.8%, and larger than 4.09% in 63% and 62% in women and men respectively. This result means LSE of 11.3% may be too long due to the large value of precision errors in the QCT study. If using the 4.09% as borderline of significant change in the rate, the time of follow up can be shortened to 3 years in this study cohort. The guidelines of CAC scan recommended five-year interval of reassessment for those with a positive test result of atherosclerosis, and every 5-10 years for those with a negative test result [110] . Based on the result deduced from this study, it may be reasonable to suggest using the same time interval, and the same CACs image to monitor both osteoporosis and atherosclerosis in the general population. The high resolution pQCT (HR-pQCT) is primarily installed at major research centers and clinical radiology departments [111] [112] [113] [114] . Using the high spatial resolution image (100 μm or less in pixel size), the resolution obtained is close to or smaller than the average trabecular thickness (100-150 μm) [12] . It can separate the periosteal boundary and segment the cortical and trabecular compartments. The ratio of mineralized bone volume to total volume [BV/TV]), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), trabecular number (Tb.N), connectivity and structure model index (SMI) and the volumetric BMD can be evaluated accurately at the extremities [115] .
Studies indicated a high agreement between μQCT (microCT) and pQCT in the volumetric BMD (b 1% in CV, and r 2 = 0.8), and the microarchitecture measures (coefficient of variation in 4% to 5%) [111, 112, [116] [117] [118] [119] .
Assessment of the BMD, trabecular microarchitecture with μQCT
The μQCT is also an X-ray based image. Just like the QCT, various calibration phantoms or theoretical calculations were established to derive BMD from CT attenuation value [120, 121] .
This scanner uses polychromatic X-ray source, which produces highest spatial resolution images of less 10 μm [12, 122] . μQCT can effectively quantify the volumetric BMD and the microarchitecture of cortical and trabecular bone. The utility of the μQCT is similar to the pQCT and it is more sensitive to display the detail of microarchitecture with a high accuracy and precision [123] [124] [125] [126] .
In comparing the pQCT and MDCT, μQCT is used only for bone specimens and small animal model's imaging for evaluating bone microarchitecture in the laboratory [127, 128] due to it's high radiation dose [129, 130] .
Assessment of the trabecular microarchitecture with MDCT
In current, the rotation speed of MDCT of the X-ray tube is less than 300 milliseconds with less than a millimeter in spatial resolution. With a small field of view of 10 centimeters, the in plane and through plane spatial resolution can close to 200-500 um, is larger, but close to the trabecular size (100-150 μm) [12] .
The BV/TV, Tb.N, Tb.Th, and Tb.Sp, connectivity and structure model index (SMI) are calculated two-dimensionally using plate model assumptions [131, 132] or direct three-dimensional measures [133] . Due to the lower spatial resolution comparing with the pQCT or μQCT, the partial volume effect is relatively large. Studies have shown a moderate correlation between the MDCT and μQCT in trabecular microstructure assessment (r=.44-0.99) [132, 134] . The advantage of the MDCT technique is that both the central or peripheral regions of the skeleton can be assessed, such as the spine, proximal femur and extremity [132, 133, 135] . Studies indicated that the BV/TV and SMI measured from lumbar spine by MDCT provided a superior result in predicting fracture risk and therapeutic evaluation than BMD measurement with DXA or QCT [133, 136] . Currently, the bone microarchitecture assessment of the lumbar spine by using MDCT is still limited due to radiation dose concern. The common utilities, spatial resolution and radiation dose of pQCT, μQCT and MDCT are listed in the Table 2 .
Assessment of bone mechanical property
The assessment of trabecular BMD and microarchitecture directly reflects the important pathological changes in of osteoporosis, low bone mass and microarchitecture deterioration. Both of them are generally related to material property and structure characteristic, and only partly to the mechanical behavior. Hence, the BMD and microarchitecture based mechanical assessment (finite-element analysis, FEA) can estimate the bone strength or stiffness effectively, that related the skeleton fragility fracture directly.
FEA is a well-established method as a computational tool for estimating the complex engineering problems, and has also been a valuable tool for investigating biological problems, such as for bone mechanical test. It includes the use of mesh generation techniques that can divide a complex problem into finite elements. Application of image based on FEA initiated was first utilized in the field of orthopedic biomechanics [137, 138] in the 1970s. During the past two decades, the usage has been growing rapidly following the revolution of MDCT technique and increased awareness of osteoporosis universally [138, 139] .
The strategy of image-based FEA is integrating the data of material (BMD) or microarchitecture behavior (bone volume fraction-BV/TV, plate-like or rod-like trabecula) [121, [138] [139] [140] [141] and the geometric distribution of both through simulated experimental models. Those simulated strength models based on CT or MRI images included various bones (spine, hip, radius and tibia) validated by vitro studies [84, [142] [143] [144] . The two-or three-dimensional model map of finite element contained the pixel or voxel data of BMD or microarchitecture, and combined geometric behaviors that related to the orientation of loading force. Therefore, the FEA provides a comprehensive assessment of bone strength or stiffness.
Studies indicated that the MDCT is of potential ability to be used for the FEA in the vitro and vivo tests [139, 145] . MDCT based FEA provides the most reliable role tool to predict the bone strength [138, 140, 146] , risk of fracture [139, 147, 148] and it's also more sensitive to monitor anti-osteoporosis [142, 149] when compared to any of the conventionally used densitometric and microstructure standards. FEA methodology using the MDCT exhibited high reproducibility with a low precision error of 1.51% in assessing the femoral bone assessment [141] . Finiteelement methods are becoming increasingly popular for quantifying the mechanical properties. Currently, MDCT scans are routinely employed for a wide range of diagnostic indications. The authors believe that the MDCT based density, structure and strength assessment will playing an important role of in the bone health management in future.
Summary
QCT is an optimal method of measuring bone mineral density for detecting osteoporosis and monitoring the age-, disease-and medicinerelated BMD change accurately. The trabecular bone mineral density, microarchitectural and mechanical assessment can be obtained simultaneously with the current routine MDCT image. Combinations of all information from the bone density measurement, microarchitectural and mechanical assessment may improve the result in estimating the bone strength, predicting risk of fragility fracture and management of bone health. The vertebral trabeculae is an optimal structure for the BMD measurement. With MDCT body routine scan images, such as heart, chest, abdomen, pelvis and peripheral sites, the BMD can be assessed accurately as additional clinical information using the QCT. Using the QCT calibration technique, the variation within the scanners, patients, and anatomical structures can be limited, and the results become interchangeable between scanners [36] . Furthermore, the modified QCT methodology (phantomless) also is acceptable to assess BMD, but the calibration factors need to be calculated for a given scanner before or after the studies [36, 40, 41] . The psoas or fat tissue of paravertibrae can be used as a calibration mark [38, 39] . Further studies well be needed to demonstrate the role of QCT in predicting fracture risk and monitoring anti-osteoporosis by using BMD, micro-architectural and mechanical assessments. Combining the three methods and both structure (cortical and trabecular bone) evaluations with MDCT may need for increased utilization in this context.
